ABSTRACT Whiteßies (suborder Sternorrhyncha, family Aleyrodidae) are known to harbor prokaryotic symbionts, some of which are vital and provide speciÞc nutritional needs, while others are transient or nonessential, that can either be beneÞcial or deleterious in the long-term. However, the extent to which diverse bacterial symbionts are associated with populations of the same species of whiteßy that colonize herbaceous plants in diverse habitats, and their particular inßuence on the evolution of the whiteßy host, are not well studied. Here, the composition and diversity of prokaryotic symbionts associated with biotypes or haplotypes of the whiteßy Bemisia tabaci Gennadius were examined for collections from representative host plants and different geographical locations worldwide. The eubacterial 16S ribosomal DNA (rDNA) and Wolbachia-speciÞc 16S rDNA genes for endosymbionts were obtained by polymerase chain reaction (PCR) ampliÞcation. AmpliÞcation and comparison of 16S rDNA sequences revealed that a primary-like symbiont was associated with all whiteßy collections examined. However, the endosymbiont 16S rDNA phylogeny was not strictly concordant with the phylogeographically informative cytochrome oxidase I tree for the respective whiteßy host. Secondary symbiont sequences for 13 of 20 whiteßy populations clustered with Arsenophonus spp. and aphid T-type bacteria, which both belong to the Enterobacteriaceae. PCR and sequencing of Wolbachia-speciÞc 16S rDNA revealed that at least 33% of B. tabaci populations harbored Wolbachia.
ALTHOUGH SYMBIOTIC ASSOCIATIONS with prokaryotes are recognized for many arthropods, obligate associations of bacteria with insects are particularly notable in phloem-feeding members of the Sternorrhyncha that rely on such bacterial inhabitants to supplement a nutritionally unbalanced diet (Buchner 1965 , Douglas 1998 , Moran and Telang 1998 . These prokaryotes have been referred to as either ÔprimaryÕ or Ôsecond-aryÕ symbionts (Buchner 1965) . Primary symbionts are vertically transmitted, essential for the hostÕs survival and reproduction, conÞned to specialized cells or ÔbacteriocytesÕ, and possess a highly reduced, ATbiased genome (Buchner 1965 , Fukatsu and Nikoh 1998 , Moran and Telang 1998 , Thao et al. 2000a . Within the suborder Sternorrhyncha (psyllids, aphids, whiteßies, and scale insects), the primary symbionts Buchnera aphidicola (Munson et al. 1991) and Carsonella ruddii (Thao et al. 2000a) , are postulated to have ancient associations and exhibit co-cladeogenesis with aphids and psyllids, respectively. In contrast, secondary symbiont associations with aphids and psyllids are considered more recent and less stable, or ephemeral (Thao et al. 2000a ). Unlike primary symbionts, they are not necessarily incorporated into bacteriocytes nor are they essential to host survival (Buchner 1965 , Chen and Purcell 1997 , Fukatsu and Nikoh 1998 , Fukatsu et al. 2000 , 2001 , Thao et al. 2000b , Sandströ m et al. 2001 . Although some secondary symbionts are transmitted vertically from parents to offspring, experimental horizontal transmission between different species has also been demonstrated (Chen and Purcell 1997) , raising the prospect that secondary symbionts function quite differently from their counterpart primary symbionts and perhaps are crucial for Þtness, competition, and other more indirect aspects that also inßuence the evolution of their host.
Although symbionts of aphids and psyllids are rather widely studied, little is known about the composition and diversity of endosymbionts of whiteßies (Hemiptera: Aleyrodidae), one of their closest relatives. Analysis of the 16S rDNA sequence of bacterial symbionts for four aleyrodid species, including the economically important whiteßy Bemisia tabaci (Gennadius) revealed that whiteßy symbionts constitute a unique clade within the gamma subdivision of Proteobacteria (Clark et al. 1992, Spaulding and von Dohlen 2001) , and comprise a sister group to C. ruddii, the primary symbiont of psyllids (Clark et al. 1992 , Thao et al. 2000a , Spaulding and von Dohlen 2001 . In addition, the B biotype of B. tabaci (Costa and Brown 1991) has been shown to harbor an enteric bacterium that is phylogenetically related to some secondary symbionts of aphids (Clark et al. 1992 , Darby et al. 2001 , Sandströ m et al. 2001 , and an Arsenophonus-like symbiont has been identiÞed for the giant whiteßy, Aleurodicus dugesii (Cockerell) (Spaulding and von Dohlen 2001) .
Wolbachia is a bacterial genus (Rickettsiales) in the alpha Proteobacteria that has been shown to manipulate reproductive systems of many arthropods, including insects (Stouthamer et al. 1999) . Recent studies have shown that Wolbachia are also associated with B. tabaci from the Old and New World (Brown et al. 1998, Jeyaprakash and Hoy 2000) and has been implicated in cytoplasmic incompatibility between infected and uninfected whiteßy biotypes (Brown et al. 1998 .
The prokaryotic endosymbionts associated with B. tabaci, a cryptic whiteßy species , Rosell et al. 1997 , Frohlich et al. 1999 , are poorly studied. The B. tabaci complex is unusual among whiteßies in that it colonizes only herbaceous hosts, whereas most aleyrodids use woody species and are typically host-speciÞc or host-restricted (Mound and Halsey 1978) . Among those that colonize herbaceous hosts, B. tabaci is further unique in that its host range is highly variable. Restricted, moderate, and highly diverse phenotypes are known, and provide a character that has been key to the recognition of Ôbiological typesÕ (Costa and Brown 1991 , Brown 2001 . Further, biotypes also vary with respect to geography, fecundity, dispersal behavior, insecticide resistance, natural enemy complex, invasive behaviors, plant virus transmission, and complement of endosymbionts , Costa et al. 1995 , Brown 2000 , 2001 , Kirk et al. 2000 , some or all of which are expected to inßuence their evolution directly and indirectly. In light of the prospective inßuence that the total symbiont complement exerts on Þtness, phenotype, and possibly, even the formation of new biotypes in B. tabaci, we undertook a study to estimate the diversity of endosymbionts associated with a suite of B. tabaci biotypes and haplotypes ). This was accomplished using PCR and 16S rDNA primers to amplify eubacterial ÔprimaryÕ and ÔsecondaryÕ symbionts and Wolbachia sequences, which were then subjected to phylogenetic analysis. Also, congruence was evaluated for the 16S rDNA of whiteßy primary endosymbiont phylogeny in relation to a mitochondrial cytochrome oxidase I tree for the whiteßy host.
Materials and Methods
Whitefly Collections. Twenty B. tabaci collections from representative geographical locations and host plants in subtropical/tropical habitats were analyzed to investigate the diversity of associated prokaryotic endosymbionts. Populations were also selected to include representatives from most major haplotype groupings, that collectively comprise a phylogeographical classiÞcation for the B. tabaci complex, based on the whiteßy mitochondrial cytochrome oxidase I (mt COI) gene (Frohlich et al. 1999 , Brown 2000 , Kirk et al. 2000 . Most collections were of the native population that existed before the recent human-mediated introduction of the invasive B biotype of B. tabaci, and are, therefore, representative of an extant geographic origin (Frohlich et al. 1999 , Kirk et al. 2000 . The greenhouse whiteßy Trialeurodes vaporariorum (Westwood) and the banded-wing whiteßy T. abutilonea (Haldeman), were included in this study as outgroups. Adult whiteßies were collected live from their plant host and placed immediately in 95% ethanol. The plant host and geographical origin for each B. tabaci collection examined are shown in Table 1 .
PCR and DNA Sequencing. Two to three adult whiteßies from each B. tabaci collection were ground in lysis buffer (Frohlich et al. 1999) . SpeciÞc primers were designed to differentiate primary and secondary symbionts based on 16S rDNA sequences available in GenBank (Clark et al. 1992) . PCR primers used to target the primary symbiont rDNA gene were: 28F-5Ј TGC AAG TCG AGC GGC ATC AT 3Ј and either 1098R-5Ј AAA GTT CCC GCC TTA TGC GT 3Ј, which yielded an expected PCR product of Ϸ1000 bp, or 1495R-5Ј CTA CGG CTA CCT TGT TAC GA3Ј, which targets the 16S rDNA of the Eubacteria (Weisburg et al. 1991) and yielded a 1500 bp product. PCR parameters for primary symbionts were Þve cycles of: 1 min at 95ЊC, 1 min at 60ЊC, and 1 min at 72ЊC, followed by 25 cycles with annealing temperature at 58ЊC, and a Þnal extension of 20 min at 72ЊC. Primers speciÞc for secondary symbionts were: 92 F-5Ј TGA GTA AAG TCT GGG AAT CTG G 3Ј and 1343R-5Ј CCC GGG AAC GTA TTC ACC GTA G 3Ј that yielded a PCR product of 1250 bp. The 16S rDNA gene for secondary symbionts was ampliÞed by PCR using the procedure as described above, except an annealing temperature of 58ЊC was used during 30 cycles. Whiteßies were analyzed for the presence of Wolbachia using Wolbachia-speciÞc 16S rDNA primers and PCR conditions (OÕNeill et al. 1992) .
PCR products were cloned into the p-GEM T-Easy vector using instructions provided by the manufacturer (Promega, Madison, WI). The DNA sequence was obtained in forward and reverse directions for a minimum of two to three amplicons obtained from each whiteßy collection. DNA sequencing was carried out using an ABI 377 automated sequencer available in the campus Genomics Analysis Technology Core facility at the University of Arizona (Tucson, AZ).
Phylogenetic Analysis. Sequences were aligned using the Fast Alignment method in DNAMAN (Lynnon Biosoft Vaudreuil, Quebec, Canada) using a gap penalty of Þve, and sequences were corrected manually using MacClade (beta version 4.0). Data sets were subjected to heuristic searches and to subtree-pruning-regrafting branch swapping using maximum likelihood and parsimony methods available in Phylogenetic Analysis Using Parsimony (PAUP*4.0b10) (Swofford 1998) . Trees shown were reconstructed using the maximum likelihood optimality criterion with among-site rate variation, corresponding with gamma distribution and a general-time-reversible substitution model with the rate matrix set to 1. The symbiont 16S rDNA sequences obtained for T. vaporariorum and T. abutilonea were included as outgroups in the primary symbiont tree. The secondary symbiont tree was rooted using the DNA sequence for Vibrio cholerae (Pancini) and Aeromonas hydrophila (Stanier) obtained from GenBank. Accession numbers for all bacteria included in the phylogenetic analysis of the secondary symbionts tree are given in Fig. 2 . Nucleotide divergence was calculated using maximum likelihood, as described above. When not speciÞed, PAUP default settings were used.
Results
Primary Symbionts. Using PCR and primary symbionts-speciÞc 16S rDNA primers, bacterial sequences were obtained for all B. tabaci collections examined, and for T. vaporariorum and T. abutilonea. The primary symbiont 16S rDNA sequences have been deposited as accessions in GenBank, as shown in Table 1 .
Nearly identical phylogenetic trees were produced by maximum likelihood and parsimony methods for each symbiont data set and, therefore, only the maximum likelihood results are shown (Fig. 1) . The primary symbionts of B. tabaci form a clade within the gamma sub-division of the Proteobacteria (data not shown). Within that clade they are generally divided into four groups in accordance with the known origin for their respective whiteßy host (Brown 2000) , namely in Africa, the Americas, and the Far East and Southeast Asia (Fig. 1) . This division was supported by a robust bootstrap of 100% for 1000 bootstrap replications of the single most parsimonious tree (data not shown). The phylogeny of four B. tabaci primary symbionts was not strictly concordant with the whiteßy host tree. Analyses revealed that primary symbionts of B. tabaci from cassava in Kenya (KEN 3) and a population collected in Brazil from grapevine leaves (BR 8) were most closely related to symbionts found in the B biotype of B. tabaci, which originated in Northern Africa or the Middle East (Brown 2000 , Kirk et al. 2000 (Fig. 1) . The BR 8 was identiÞed as a close relative to the B biotype by mt COI sequence analysis (resulting from its recent introduction), while KEN 3 appears to be of sub-Saharan origin (data not shown; Brown, 2000) . Phylogenetic placement of the primary symbionts identiÞed in B. tabaci collected from cassava in two places in Uganda (UG 25 and UG 26) was highly incongruent in that they were outliers with respect to all other B. tabaci primary symbionts. Primary symbionts associated with B. tabaci were generally minimally diverged (0 Ð1.5%), excluding the outliers, UG 26 and UG 25, that diverged by 3.6 to 4.5% and 0.9 to 2.5%, respectively, from the others. Primary symbionts were also identiÞed for the two Trialeurodes species examined as outgroups. Also notable was the high AT content of primary symbiont 16S rDNA sequences for both B. tabaci and Trialeurodes species, with GC content averaging 47.7% (range: 46.9Ð48.3%).
Secondary Symbionts. PCR ampliÞcation with secondary symbiont-speciÞc primers revealed that symbionts were associated with 14 of 20 B. tabaci collec- Phylogenetic analysis of 16S rDNA sequences placed all B. tabaci-associated secondary symbiont in one of two distinct groups in a clade containing known enteric bacteria. All major nodes were supported 90 to 100% of the time for the single most parsimonious tree subjected to 1000 bootstrap iterations (data not shown). The secondary symbiont in eight B. tabaci collections clustered with the ÔT-type" secondary symbionts of aphids and a male-killing bacterium reported Table 1. for the coccinellid beetle Chilomenes sexmaculatus (F.) (Fig. 2) . The 16S rDNA sequences for that clade diverged by only 0.16 to 1.6%, indicating a high degree of relatedness. A second 16S rDNA endosymbiont genotype was detected in four B. tabaci collections and grouped with psyllid-associated secondary symbionts and the secondary symbiont, Arsenophonus triatominarum (Hypsa & Dale), for a triatomid bug. Also afÞliated with this clade was a sister group that contained the secondary symbiont of the giant whiteßy, A. dugesii, and these two sister clades diverged at 0.9 to 4.5% (Fig. 2) .
Phylogenetic analyses indicated that aphid T-type secondary symbionts were associated with both New and Old World B. tabaci, whereas, the Arsenophonuslike secondary symbionts were associated only with Old World B. tabaci hosts. One B. tabaci from cassava in Tanzania (TAN 3) contained two secondary symbionts that group with aphid T-type symbionts; symbiont TAN 3 (1), and the Arsenophonus-like TAN 3 (2) Fig. 2 . Maximum likelihood tree for the 16S rDNA sequence of secondary symbionts associated with B. tabaci, and select enteric bacteria. The tree was rooted using Vibrio cholerae and Aeromonas hydrophila sequences available in the Genbank database. Letters in bold correspond to whiteßy acronyms and Genbank accession numbers in Table 1 . Bacterial names from Genbank are italicized and whiteßy symbionts are delimited by the respective whiteßy host acronym as shown in Table 1. symbiont (Fig. 2) . Parsimony (data not shown) and maximum likelihood (Fig. 2) methods yielded similar trees and differed only in their placement of one of the two TAN 3 B. tabaci secondary symbionts. Maximum likelihood analysis placed the TAN 3 (1) symbiont with aphid ÔT-typeÕ secondary symbionts (Sandströ m et al. 2001) , and with several other B. tabaci secondary symbionts, all from hosts of North American origin (Fig. 2) . By maximum parsimony analysis, TAN 3 (1) was placed as a sister group to the T-type-like clade (data not shown). Finally, 16S rDNA sequences for all B. tabaci-associated secondary symbionts were highly GC-rich, with an average GC content of 53.4% (range: 52.1Ð54.0%).
Wolbachia Detection. When PCR ampliÞcation with Wolbachia-speciÞc 16S rDNA primers was carried out, 7 of 20 B. tabaci collections were found to harbor Wolbachia. However, Wolbachia was not detected by PCR for T. vaporariorum (greenhouse whiteßy) or T. abutilonea (banded-wing whiteßy) ( Table 1) .
Discussion
Aphids and psyllids harbor a wide array of vertically transmitted prokaryotes that vary for different populations and at times for individuals within a population (Chen and Purcell 1997 , Fukatsu et al. 2000 , 2001 , Thao et al. 2000b , Sandströ m et al. 2001 , Subandiyah et al. 2000 . Here we have demonstrated that the suite of symbionts inhabiting B. tabaci is as diverse and probably as compositionally dynamic as those described for other insects, particularly for other phloem-feeders. The working deÞnition for primary symbiotic bacteria is consistent with observations herein for the whiteßies B. tabaci, T. abutilonea, and T. vaporariorum, in which putative primary symbionts of whiteßies were associated with all species examined and putative secondary symbionts were present in some but not all species examined (Buchner 1965, Moran and Telang 1998) . The 16S rDNA sequence for the primary symbionts of B. tabaci were AT-rich with an average GC content of 47.7%, a value characteristic for bacterial genomes that are hypothesized to have been associated with their hosts since ancient times. In contrast, the GC content of whiteßy secondary symbionts genomes, at 53.4%, is in the same range as that described for free living bacteria (Moran and Telang 1998) . Collectively, the characteristics observed for whiteßy endosymbionts were like those of aphid-and psyllidassociated symbionts described thus far, in which primary symbionts are thought to have a long history of association with their host, are obligate and can be found in all whiteßy genotypes. Secondary symbionts are not obligate parasites, were probably acquired more recently, and are not essential for whiteßy livelihood.
The whiteßy mt COI sequence has been used to reconstruct phylogenetic relationships for certain Aleyrodidae, and most importantly, provides a useful means of separating haplotypes and biotypes of the B. tabaci complex by recent, extant geographical origin in the Old and New World, respectively, and at times can be used to ascertain or assign a speculative origin of a haplotype to a particular geographical region on a continent or collection of islands , Frohlich et al. 1999 , Kirk et al. 2000 , Brown 2000 . Unexpectedly, the whiteßy primary symbiont phylogeny ( Fig. 1) was not strictly congruent with the phylogeographical whiteßy mt COI. Under strict concordance, primary symbionts from African UG 25, UG 26 and KEN 3 collections should have grouped with other sub-Saharan African lineages, and the B. tabaci symbiont from Brazil was expected to reside with others from the New World. These observations suggest that closely related B. tabaci (based on mt COI sequences) might have different complements of primary symbionts. Although these observations imply a more recent acquisition and/or possibly multiple infections in which symbionts supplant one another, instead of a single ancient infection, additional data are required to determine if evolutionary relationships for whiteßy-primary symbiont complexes differ widely from those documented previously.
Within the Enterobacteriaceae, certain bacteria have a propensity to mobilize between different species of insects, indicating they are far more transient than their primary bacterial symbiont counterparts. Thus, genetic variability and plasticity are implicit features of horizontal transmission and successful colonization of a new host, and provide a suitable rationale for the incongruent phylogenetic relationships documented for secondary symbionts and their aphid and psyllid hosts (Sabandiyah et al. 2000 , Thao et al. 2000b , Sandströ m et al. 2001 . The lack of phylogenetic concordance for B. tabaci and its secondary symbionts is also consistent with this hypothesis. For example, even for the small sample size reported here, seven B. tabaci-associated secondary symbionts resembled the T-type secondary aphid symbionts, three were most closely related to secondary symbionts of psyllids and triatomid bugs, and two different secondary symbionts were identiÞed for a single B. tabaci collection (Fig. 2 ).
An intriguing member of the Arsenophonus-like clade is Phlomobacter fragariae (Zreik et al. 1998) (Fig.  2) , the phloem-restricted causative agent of marginal chlorosis in strawberries (Zreik et al. 1998) . Currently, T. vaporariorum is believed to be the most likely vector of that pathogen in greenhouse-grown strawberries (Foissac et al. 2000) . This phenomenon leaves open a possible route by which insect symbionts become plant pathogens or, perhaps more likely, that plant pathogens become insect symbionts. It is also important to consider that some of the bacteria, detectable by these secondary symbiont-speciÞc primers, may be plant pathogens harbored in the insectÕs gut. This possibility can be explored by in situ hybridization to localize bacteria for which probes are now available.
Wolbachia is a reproductive parasite that is horizontally transmitted between both closely related and unrelated arthropods, and hence is expected to be phylogenetically incongruent with its host (Stouthamer et al. 1999) . Indeed, both A and B sub-groups of Wolbachia have been associated with different biotypes and haplotypes of B. tabaci (Caballero et al. 2001, Jeyaprakash and Hoy 2000) . As Wolbachia have been shown to be widespread in arthropods, it is not surprising to have detected Wolbachia infection in one-third of the B. tabaci collections examined here.
The speciÞc contributions that whiteßy-associated endosymbionts impart to the ecology and well being of their hosts are poorly understood. Secondary symbionts and Wolbachia were not detected in all B. tabaci collections (Table 1) . Although whiteßies that do not have secondary symbionts are expected to survive and reproduce, as has been shown for other hemipterans, it is possible that they harbor additional, more divergent secondary symbionts and that these have gone undetected owing to PCR primer limitations. Indeed, it would not be surprising to Þnd that different whiteßy species or biotypes, or individuals within a population harbor a diverse cadre of endosymbionts, together with their more highly conserved primary symbiont upon which they depend directly for survival.
